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In order to release neurotransmitter synchro-
nously in response to a presynaptic action po-
tential, synaptic vesicles must be both release
competent and located close to presynaptic
Ca2+ channels. It has not been shown, however,
which of the two is the more decisive factor.
We tested this issue at the calyx of Held syn-
apse by combining Ca2+ uncaging and electro-
physiological measurements of postsynaptic
responses. After depletion of the synaptic ves-
icles that are responsible for synchronous re-
lease during action potentials, uniform eleva-
tion of intracellular Ca2+ by Ca2+ uncaging
could still elicit rapid release. The Ca2+ sensitiv-
ity of remaining vesicles was reduced no more
than 2-fold, which is insufficient to explain the
slow-down of the kinetics of release (10-fold)
observed during a depolarizing pulse. We con-
clude that recruitment of synaptic vesicles to
sites where Ca2+ channels cluster, rather than
fusion competence, is a limiting step for rapid
neurotransmitter release in response to presyn-
aptic action potentials.
INTRODUCTION
Neurotransmitter is released within a millisecond in re-
sponse to presynaptic action potentials (APs; Borst and
Sakmann, 1996). The number of synaptic vesicles avail-
able for rapid release in response to APs determines the
amplitude of postsynaptic responses (Zucker and Regehr,
2002; Stevens, 2003). If the releasable vesicles are de-
pleted during a high-frequency train of presynaptic APs,
synaptic responses will be depressed. On the contrary, if
a large fraction of releasable vesicles still remains after a
first AP, synaptic responses to subsequent ones will be
facilitated due to accumulation of residual Ca2+ in the
presynaptic terminal (Katz, 1969). The mechanismsNregulating these forms of short-term synaptic plasticity,
however, are under debate.
Recent studies on a number of glutamatergic synapses
have demonstrated the existence of ‘‘reluctant’’ or slowly-
releasing vesicles (Wu and Borst, 1999; Hallermann et al.,
2003; Moulder and Mennerick, 2005). Typically, large post-
synaptic responses can be elicited by strong stimuli (depo-
larizations of tens of milliseconds or tetanic stimulation) at
a time when EPSCs in response to single APs are strongly
depressed. At the calyx of Held, a glutamatergic synapse
in the auditory pathway, the number of vesicles released
during such strong depolarizations is about equal to the
cumulative number of vesicles released during short,
depressing trains of APs (Schneggenburger et al., 2002).
We address the question of why these reluctant vesicles
cannot be released by APs. Several alternatives can be
considered as an explanation. First, they may not be fully
release competent and may reach the ‘‘primed’’ state
only during prolonged depolarization or during a sustained
rise in presynaptic [Ca2+]. Incomplete assembly of func-
tional SNARE complexes or weak coupling of such
complexes to the Ca2+ sensors may be the underlying
molecular mechanism(s).
Second, APs elevate [Ca2+] only in microdomains sur-
rounding Ca2+ channel clusters (Roberts et al., 1990; Adler
et al., 1991; Llinas et al., 1992). They may be unable to trig-
ger release of vesicles outside of these microdomains,
such that reluctant vesicles are activated only during sus-
tained depolarization, when the [Ca2+] is globally elevated.
Third, presynaptic Ca2+ influx may be decreased during
repetitive stimulation. This last possibility can be excluded
for the case of the calyx of Held, since measurements of
Ca2+ currents during high-frequency trains, which lead
to synaptic depression, show Ca2+ current facilitation,
rather than inactivation (von Gersdorff and Borst, 2002).
Also, in the presence of botulinum neurotoxin A, which de-
creases Ca2+ sensitivity of the release apparatus, a strong
facilitation of release is observed during high-frequency
trains (Sakaba et al., 2005), signaling a buildup of [Ca2+]
at the release sites. We test the remaining two alternative
possibilities at the calyx of Held in the present study, tak-
ing advantage of the unique experimental tools available
(Borst and Sakmann, 1996; Takahashi et al., 1996).euron 53, 563–575, February 15, 2007 ª2007 Elsevier Inc. 563
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Ca Channel-Vesicle Coupling and Glutamate ReleaseFigure 1. A Prepulse, which Depletes the Rapidly-Releasing
Vesicles, Blocks Responses Evoked by Short Depolarizing
Pulses but Leaves Flash-Evoked Responses Intact
(A) The presynaptic and postsynaptic compartments were whole-cell
clamped at 80 mV. Traces shown are from top to bottom: presynap-
tic membrane potential, presynaptic current, and postsynaptic cur-
rents. An AP-like stimulus (depolarization to +40 mV for 1.5 ms) was
applied to the presynaptic terminal, which was followed by a step
depolarization (to 0 mV for 10 ms following the prepulse to +70 mV
for 2 ms) with an intention of depleting the rapidly-releasing vesicles.
After an interval of 200 ms, a second AP-like stimulus was applied, fol-
lowed by a second step depolarization (to 0 mV for 50 ms following
a short episode at +70 mV for 2 ms) to release all the releasable vesi-
cles. The inset shows EPSCs evoked by the first (dotted trace) and the
second (solid trace) AP-like stimulations.
(B) An experiment similar to that of (A), but laser photolysis was applied
instead of the second AP-like stimulus. At the time point indicated
by an arrow, a laser flash was applied to the cells, photolyzing DM-
Nitrophen and eliciting a transient increase in presynaptic [Ca2+] (shown
in dF/F, the fourth trace from the top). The same cell pair as shown in
(A) and inset shows the EPSC evoked by flash in control (dotted trace)
and after depletion of the rapidly-releasing vesicles (solid trace).564 Neuron 53, 563–575, February 15, 2007 ª2007 Elsevier InComparing release induced by a depolarization with that
elicited by spatially uniform [Ca2+] elevation after caged
Ca2+ photolysis, we will show that the coupling between
Ca2+ channels and synaptic vesicles is most critical for
rapid release of synaptic vesicles.
RESULTS
Intrinsic Ca2+ Sensitivity of Synaptic Vesicles Is High
at Times when AP-Evoked Release Is Depressed
The calyx of Held, a large synapse in the auditory brain-
stem of mammals, allows one to voltage-clamp both pre-
and postsynaptic compartments (Borst and Sakmann,
1996; Takahashi et al., 1996) and to measure the intrinsic
kinetics of vesicle fusion using Ca2+ uncaging (Bollmann
et al., 2000; Schneggenburger and Neher, 2000). When
a calyx of Held synapse is stimulated at a high frequency,
it undergoes rapid depression, which has a strong presyn-
aptic component (von Gersdorff and Borst, 2002; Schneg-
genburger et al., 2002). Wu and Borst (1999) showed that
the synapse is still able to produce a large EPSC in the de-
pressed state when stimulated by a 50 ms depolarization.
As a first step toward characterization of the Ca2+ de-
pendence of ‘‘depressed’’ vesicles, we performed an ex-
periment similar to that of Wu and Borst (1999). Presynap-
tic and postsynaptic compartments were simultaneously
whole-cell clamped and held at 80 mV. Postsynaptic
AMPA receptor-mediated currents were used for monitor-
ing transmitter release, and cyclothiazide (CTZ) and g-D-
glutamylglycine (gDGG) were present in the extracellular
solution to block AMPA receptor desensitization and sat-
uration. We applied a short depolarization, mimicking an
AP, followed by a 10 ms depolarization (Figure 1A). The
AP-like stimulus evoked an EPSC of 2 nA in this example.
The EPSC amplitude was similar to that evoked by fiber
stimulation (Borst and Sakmann, 1996; Schneggenburger
et al., 1999). The duration of the subsequent pulse was
chosen such that it would be long enough to cause com-
plete depression of a second AP-like stimulus (Wu and
Borst, 1999) applied 200 ms later. The elevation of global
[Ca2+] by the predepolarizing pulse may cause facilitation
(Wu and Borst, 1999; Sakaba and Neher, 2001a); how-
ever, at the time when the second AP-like stimulus was
applied, global [Ca2+] had returned to the basal level, as
confirmed by [Ca2+] measurements (Figure 1B). The sec-
ond AP-like stimulus elicited only a small EPSC (120 pA
in the case of Figure 1A). Finally, a 50 ms pulse was
applied to deplete all releasable vesicles. As reported
by Wu and Borst (1999), this second long depolarization
elicited a large EPSC, although the preceding AP-like
stimulus was largely depressed.
To address the question of whether this EPSC is medi-
ated by vesicles with reduced Ca2+ sensitivity, we re-
peated this experiment, except that we replaced the
(C) An experiment similar to that of (B), but the first AP-like stimulus and
a 10 ms predepleting pulse was omitted in order to obtain the control
flash response. Same cell pair as that shown in (A) and (B).c.
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presynaptic terminal. Brief transients can be evoked by la-
ser flash photolysis, as has been demonstrated by Boll-
mann and Sakmann (2005). In this technique, some extra
nonphotolyzable buffer is included in the presynaptic pi-
pette solution, which takes up Ca2+ rapidly after it has
been released by the caged compound. We used a mix
of the caged Ca2+ compound DM-Nitrophen (1–2 mM) to-
gether with EGTA (1 mM). Photolysis of DM-Nitrophen
with a UV laser elevated [Ca2+], which subsequently de-
cayed with a time constant of 10–20 ms, as measured
by the rapid Ca2+ indicator Oregon-Green-BAPTA-5N
(OGB-5N) (Figure 1B; Bollmann and Sakmann, 2005). Be-
cause the indicator is not ratiometric, dF/F was used to in-
dicate relative changes in [Ca2+]. The time course of the
[Ca2+] transient was not as short as that elicited by a pre-
synaptic AP. However, unlike a step-like change in [Ca2+],
which causes massive transmitter release, the amount of
release caused by this transient stimulus is small and
sensitive to slight differences in amplitude or time course.
Unlike real APs, flashes under this condition cause spa-
tially homogeneous Ca2+ transients. Laser intensity was
adjusted so that the amplitude of the postsynaptic current
of a nondepressed synapse was comparable to that of an
AP-evoked EPSC (2 nA in the case of Figure 1C).
Figure 1B shows such a flash response given at the time
of the second AP-like stimulus in a protocol that was
otherwise exactly the same as that of Figure 1C. Unlike
the AP-like stimulus, the Ca2+ transient evoked a large
EPSC of 1.5 nA in the depressed synapse (insert in Fig-
ure 1B), indicating that vesicles remaining after the 10 ms
predepleting depolarization are release competent, al-
though they are reluctant to be released by an AP-like stim-
ulus. Responses like those in Figure 1 were analyzed in
seven cell pairs. In each case flashes were given both in
isolation as well as within the protocol of Figure 1B. The
dF/F signals were very similar for each cell pair with a ratio
(after predepolarization over control) of 1.04 ± 0.03. The
same ratio of EPSC amplitudes for flashes was 0.78 ±
0.21, while the ratio of EPSCs evoked by AP-like depolar-
ization was 0.13 ± 0.05. The ratio of flash responses is
slightly more than what one would expect, if 50% of the
remaining vesicles had the same intrinsic Ca2+ sensitivity
as the entire population. The ratio for short AP-like stimuli,
on the other hand, is much smaller. The discrepancies
in sensitivities suggests that short stimuli are inefficient
for sufficiently raising [Ca2+] near the remaining vesicles.
This is exactly what would be expected if these vesicles
were located at larger distances from Ca2+ channels.
In the following experiments, the deconvolution method
(Neher and Sakaba, 2001a) was used to estimate trans-
mitter release rates from EPSCs in a more quantitative
way. We estimated a quantity termed ‘‘release rate per
vesicle,’’ which we calculated by dividing the peak release
rate, as obtained by deconvolution, by the number of re-
maining releasable vesicles. The latter was calculated
from the cumulative release (see Experimental Proce-
dures). On average (n = 7 cell pairs), the peak releaseNrate per vesicle of the flash response in isolation was esti-
mated to be 0.035 ± 0.008 ms1. In comparison, the same
quantity of a flash response after a predepleting stimulus
was 0.022 ± 0.004 ms1. When these values were com-
pared within given cell pairs, the peak release rate per ves-
icle was 81% ± 16% of that observed during the control.
The peak release rates per vesicle during the first and
the second AP-like stimulations were 0.093 ± 0.04 ms1
and 0.028 ± 0.019 ms1, respectively. The peak release
rate per vesicle of the second AP-like stimulation was
29% ± 9% of the first one, when comparisons were
made within given cell pairs. These data confirm that the
effectiveness of Ca2+ influx for release was strongly re-
duced without losing intracellular Ca2+ sensitivity for re-
lease significantly (see also Figure S1 in the Supplemental
Data). In other words, intrinsic fusion competence of re-
maining synaptic vesicles was reduced much less than
the release evoked by depolarization.
Kinetics of Transmitter Release during
a Step-Like Elevation of [Ca2+]
In the above set of experiments, we had to use a fast non-
ratiometric Ca2+ indicator dye (Escobar et al., 1997). This
Ca2+ measurement is not as precise as that achieved dur-
ing a step-like elevation of [Ca2+] using the ratiometric
indicator Fura 2FF. We therefore probed the intracellular
Ca2+ sensitivity of transmitter release with this indicator
in a wider range (2–30 mM) by adjusting flash intensity and
DM-Nitrophen concentration (1–2 mM). We did so for both
stand-alone flashes and flashes following predepleting
stimuli.
Figure 2A shows results for a stand-alone flash. [Ca2+]
was elevated to 8 mM after photolysis of DM-Nitrophen,
which evoked an EPSC of 14 nA in amplitude. The EPSC
decayed while the [Ca2+] remained elevated, and a subse-
quent depolarizing pulse (to 0 mV for 50 ms) evoked only
a small EPSC (Schneggenburger and Neher, 2000). The
deconvolution method was used to estimate the time-
dependent release rate and the cumulative release was
calculated by integrating release rates (Figure 2B). The cu-
mulative release was fitted by a double exponential, which
in this example had time constants of 1.83 ms (65%) and
80 ms (dotted trace in Figure 2B). The second component
is very slow, and its exact time constant cannot be esti-
mated accurately, because it also includes synaptic vesi-
cles newly recruited after depletion of the releasable ves-
icles (Wu and Borst, 1999; Sakaba and Neher, 2001b).
When the effect of recruitment was corrected for (Sakaba
and Neher, 2001a), the late component reached a plateau
(solid line in Figure 2B), and the cumulative release could
be fitted with a double exponential with time constants
of 1.56 ms (78% of the total fit) and 41 ms. In 30 similar
experiments, the first component constituted 87% ± 3%
of the total fit (Figure 4). When a step depolarizing pulse
was applied for 50 ms in the same condition (in the pres-
ence of DM-Nitrophen/Ca2+ mixture), the fraction of the
first component was 48% ± 4% of the total fit (n = 13
cell pairs) after correction for vesicle recruitment. Theeuron 53, 563–575, February 15, 2007 ª2007 Elsevier Inc. 565
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(A) Flash photolysis was applied at the time point indicated by the arrow. From top: [Ca2+] measured by Fura 2FF, postsynaptic EPSCs, release
rates estimated from the deconvolution method. 60 ms after the flash, a depolarizing pulse (to 0 mV for 50 ms after the prepulse to 70 mV for
2 ms) was applied.
(B) Cumulative release calculated from the control flash response. The dotted trace was obtained by integrating the release rate trace shown in (A).
The solid trace shows the same curve after correction for the recruitment of new vesicles. A double exponential fit is superimposed on the corrected
trace (gray).time constants of release were 3.22 ± 0.39 ms and 26.9 ±
3.0 ms (n = 13 cell pairs). The appearance of two compo-
nents of about equal amplitude, with one rapid while the
other one is about 10-fold slower, is very common in
such experiments on the calyx of Held. Under a condition
studied most extensively, which is 0.5 mM EGTA in the
presynaptic patch pipette, time constants were reported
to be 2–3 ms (50% of the total fit) and 20–30 ms (Sakaba
and Neher, 2001b; see also Figure 3A).
The deconvolution method is not highly accurate during
the late phase of a prolonged period of transmitter release
(Neher and Sakaba, 2001a, see Experimental Procedures).
Nevertheless, in the flash response, only a small fraction of
synapses had slow components of amplitudes similar to
those regularly observed during depolarization (Figure 4C).
The majority, particularly at higher [Ca2+] levels, had
a clearly dominating fast component, which suggests
that spatially uniform [Ca2+] elevation displays a more ho-
mogeneous vesicle population with respect to its release
probability compared with that assayed by depolarization
and localized Ca2+ influx.
In Figure 3A, a predepleting pulse (10–20 ms in duration)
was applied to deplete the rapidly-releasing vesicle pool.
A test pulse (50 ms in duration) was applied 200 ms after
the prepulse. This interval was selected such that it was
long enough to allow for the decay of overlapping facilita-
tion of the slowly-releasing vesicles due to accumulation
of global [Ca2+] (Wu and Borst, 1999; Sakaba and Neher,
2001a). However, it is short enough such that the number
of rapidly-releasing vesicles recovering within this interval
is small (Sakaba and Neher, 2001b). Nevertheless, in order
to block any recruitment of rapidly-releasing vesicles dur-
ing the interval of 200 ms, calmodulin binding domain pep-
tide (20 mM) was applied via the presynaptic patch pipette566 Neuron 53, 563–575, February 15, 2007 ª2007 Elsevier Incin the experiment of Figures 3A–3C. The peptide has been
shown to retard the recruitment process (Sakaba and
Neher, 2001b). As expected, the test pulse evoked a slowly
rising EPSC (see solid trace in the inset of Figure 3B), which
presumably reflected release of the slowly-releasing vesi-
cles. When the cumulative release during the test pulse
was analyzed (in analogy to the case of Figure 2B), it could
be fitted by a single exponential with a time constant of
18.2 ± 1.2 ms in 27 out of 28 cells, confirming depletion
of the rapidly-releasing vesicles that have a time constant
of 2–3 ms. In one cell pair, 30% of the fast component
remained.
In a second protocol applied to each pair, flash photol-
ysis was applied instead of the test pulse (Figure 3B). The
flash elicited a step-like elevation of [Ca2+] to 10 mM and
evoked a rapidly rising EPSC. The inset of Figure 3B com-
pares the rising phases of depolarization-evoked (solid
trace) and flash-evoked (dotted trace) EPSCs. The slower
rise of the EPSC evoked by depolarization suggests that
[Ca2+] around the slowly-releasing vesicles must be lower
during the depolarizing pulse than that during the flash,
which is 10 mM (see below for detailed analysis). Following
the flash a long-lasting depolarizing pulse was applied,
which evoked little EPSC, suggesting that all vesicles, in-
cluding the slowly-releasing ones, had been released by
the preceding stimulation. Figure 3C shows the time
course of cumulative release during the test depolarizing
pulse and after flash photolysis. Cumulative release during
the depolarizing pulse could be fitted by a single exponen-
tial with a time constant of 14.6 ms, whereas cumulative
release evoked by the flash showed a much faster time
course, and could be fitted by a double exponential with
time constants of 1.54 ms (89% of the total fit) and
15.3 ms (gray trace). In this example, the amount of.
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Releasing Vesicles, on the Subsequent Release Evoked by
either a Step Elevation of [Ca2+] or Depolarization
(A) Traces are displayed like those in Figure 2. The presynaptic terminal
was depolarized to 0 mV for 15 ms (after depolarization to +70 mV for
2 ms) to deplete the rapidly-releasing vesicles. 200 ms after the prede-
polarization, a test pulse (to 0 mV for 50 ms after a short episode
at +70 mV for 2 ms) was applied to release remaining slowly-releasing
vesicles. Note that the rising phase of the EPSC is much slower than
that of the prepulse. The release rate during the test pulse decays
more slowly than that during the prepulse. Calmodulin binding domain
peptide was included in the presynaptic patch pipette. In the presence
of the peptide, recovery of the rapidly-releasing vesicles was reduced
to almost zero (Sakaba and Neher, 2001b). Therefore, only slowly-
releasing vesicles are present to be released by the test pulse. This
is reflected in the slow rise of the EPSC. Same cell pair as in Figure 2.
(B) Instead of the test pulse, a flash was applied to elicit a step-like
elevation of [Ca2+] to approximately 10 mM. The inset shows the EPSCs
evoked by the test pulse (solid trace) and flash (dotted trace), showing
a faster rise after flash photolysis.Nerelease during the test depolarizing pulse is less than that
evoked by the flash, indicating that 50 ms of depolariza-
tion was not enough to release all releasable vesicles.
Nevertheless, the fast time course of release evoked by
the flash suggests that the slowly-releasing vesicles are
capable of releasing rapidly when [Ca2+] is elevated into
the range typically obtained during an AP. The intracellular
Ca2+ dependence of transmitter release both in control
conditions and after application of the predepleting pulse
will be shown over a wide [Ca2+] range below (Figure 4).
Intracellular Ca2+ Sensitivity of Transmitter Release
Measured by a Step-Like Elevation of [Ca2+]
Figure 4 shows pooled data from 30 cell pairs gathered
from performing the type of experiment shown in Figure 2
and Figure 3. Figure 4A shows the relationship between
[Ca2+] and the release time constant of the first component
of a double exponential fit. Open and filled circles present
the data from control flashes and flashes after depletion of
the rapidly-releasing vesicles, respectively. In this series
of experiments, predepleting pulses released 52% ± 2%
of all releasable vesicles. For example, in the range of
10–15 mM [Ca2+], the time constants of release in control
flashes (10.4 ± 0.4 mM; n = 7) and in flashes after depletion
of rapidly-releasing vesicles (10.5 ± 0.3mM; n = 6) were 1.3 ±
0.2 ms and 2.2 ± 0.4 ms, respectively. The fraction of the
fast component in the flash response was more than
80% in both cases (87% ± 4% and 84% ± 4% in control
flashes and flashes after predepolarization, respectively,
Figure 4C). Considering data with and without predeplet-
ing pulses, one can state that there is no major difference
in the relative contribution of the rapid component, and
there is at most a 1.5- to 2-fold difference in the time course
of release. The difference is much smaller than the 10-fold
difference between the rapidly- and slowly-releasing vesi-
cles (2–3 ms versus 20–30 ms, see also Figure 3A), which is
typically observed during depolarizing pulses.
Our results regarding the Ca2+ sensitivity of flash-
evoked release agree with previously published studies.
Comparing our data with the predictions of a 5-site secre-
tion model, as has been described by Schneggenburger
and Neher (2000), we obtained a good fit (Figure 4A). In
the [Ca2+] range of our study, the recently developed allo-
steric model and the 5-site model agree relatively closely in
their predictions (Lou et al., 2005; but see Sara et al., 2005).
Both data sets in Figure 4A could be fitted by only changing
the on-rate constant of Ca2+ binding from 1.2 3 108 (con-
trol) to 0.9 3 108 M1s1 (after predepleting pulse) and
leaving other parameters unchanged. A very shallow
[Ca2+] dependence of the time constant of the second,
slow component was observed (Figure 4B). Occasionally,
we observed a higher fraction of the slowly-releasing com-
ponent with a Ca2+ step below 10mM. However, separation
(C) The cumulative release evoked by the flash (after a prepulse, [B]) is
shown. For comparison, the cumulative release during the test pulse
after a prepulse (A) is also shown. Its time course is considerably
slower.uron 53, 563–575, February 15, 2007 ª2007 Elsevier Inc. 567
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Constants
The fast (A) and the slow (B) time constants as well as the fractions of
the fast components (C) evoked by flashes are plotted against the pla-
teau [Ca2+]. Open and filled circles show the data from control flash
(Figure 2) and from flash after application of the predepleting pulse
(Figure 3), respectively. Data from Figure 5 are included and marked
as asterisks. The gray (control) and black (after prepulse) curves in
(A) show the expectation of the 5-site model. The following parameters
were found: kon = 1.23 10
8 M1s1 (control) or 0.93 108 M1s1 (after
prepulse); koff = 9000 s
1, b = 0.25; g = 8000 s1.568 Neuron 53, 563–575, February 15, 2007 ª2007 Elsevier Inc.of components is difficult under these conditions. When
the release time course becomes slow at lower [Ca2+], ves-
icle recruitment, occurring at a rate of about 10 vesicles
ms1, and vesicle release compensate each other par-
tially. This makes it difficult to separate the two effects. In
addition, a slow decay in [Ca2+], which is often observed,
may cause the time course of release to slow down mark-
edly due to the highly nonlinear dependence of release on
[Ca2+] in the low range. Although we cannot exclude the
possibility that there may be a small fraction of intrinsically
slow synaptic vesicles, the fraction of the fast component
was much higher than that observed during a step depola-
rizing pulse (50%). Also, we cannot distinguish whether the
slight slow-down of release in the flash data following par-
tial depletion represents the contribution of a heteroge-
neous population of slower vesicles or a small decrease
in the kinetics of the dominating fast population. Impor-
tantly, plotting the peak release rate per vesicle, which re-
flects instantaneous release kinetics and is not as depen-
dent on fits of cumulative release, gave similar results.
Also, in this type of analysis the release kinetics was af-
fected less than 2-fold after application of predepleting
pulses (Figure S2).
From the relationship between [Ca2+] and the time con-
stant, as shown in Figure 4A, we can estimate the [Ca2+],
which is sensed by the rapidly- and slowly-releasing ves-
icles during depolarization. Assuming that the release ma-
chineries are in equilibrium with Ca2+, and comparing the
time constants of release during a step depolarization (2–3
ms and 20–30 ms) for the fast and slow components, we
found that [Ca2+] will be 10–12 mM and 6–7 mM around
the rapidly- and slowly-releasing vesicles, respectively.
The difference in [Ca2+] of only 2-fold is sufficient due to
the highly nonlinear dependence of release on [Ca2+].
Rapid EPSCs Can Be Evoked by Flashes
after Synaptic Depression
In order to test whether flashes can evoke rapid responses
after bursts of AP-like stimuli, we also applied such trains
(300 Hz 3 10, Figure 5). To ensure synaptic depression
after the tenth stimulus, external Ca2+ concentration was
elevated to 5 mM, because the synaptic response often
shows initial facilitation in 2 mM extracellular Ca2+
(Schneggenburger et al., 1999). The trains of AP-like stim-
uli released 66% ± 4% of the total releasable vesicles.
While synchronous EPSCs were depressed during and
after repetitive stimulations, a subsequent flash-evoked
[Ca2+] step to 10 mM elicited rapid release (Figure 5). Sim-
ilar observations were found in five cell pairs. A detailed
kinetic analysis of cumulative release (data included in
Figure 4 as asterisks) showed similar time courses of the
flash responses irrespective of whether predepleting
pulses or trains of AP-like stimuli were used.
The N-Terminal of Synaptobrevin Is Important for
Recruitment of the Rapidly-Releasable Vesicles
At the calyx of Held, cleavage of synaptobrevin during pro-
longed exposure to tetanus toxin blocked all releasable
Neuron
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blocked the rapidly-releasing component and slowed
down the recruitment of the rapidly-releasing vesicles
(Sakaba et al., 2005). These findings suggest that the action
of tetanus toxin interferes with vesicle recruitment. Tetanus
toxin cleaves part of the SNARE motif and the proline-
rich N-terminal domain off the rest of the synaptobrevin
molecule. To further learn how synaptobrevin acts in the
recruitment of synaptic vesicles, we infused the proline-
rich domain of synaptobrevin (1-26, 100 mM) into the calyx
terminal via a recording patch pipette (Figure 6A). One-half
millimolar EGTA was also included in the patch pipette for
a more precise separation of the rapidly- and slowly-
releasing components (Sakaba and Neher, 2001b). Pairs
of pool-depleting pulses (depolarization to 0 mV for 50 ms
following a prepulse to +70 mV for 2 ms) with varying inter-
stimulus intervals (ISI; Sakaba and Neher, 2001b) were
used to monitor vesicle recruitment. As described previ-
ously, first depolarizing pulses within pairs evoked two
components of release under control conditions. They
could be fitted by double exponentials with time constants
of 2.25 ± 0.23 ms (54% ± 2.3% of the total fit) and 27.2 ±
1.68 ms (n = 8 cell pairs, Figure 6A, left panel, gray traces).
This time course of release was not altered by the synapto-
brevin peptide (2.36 ± 0.36 ms; 55% ± 3.1% of the total fit,
and 25.6 ± 3.1 ms, n = 7 cell pairs, Figure 6A, right panel,
gray traces). Neither did the peptide reduce the total
amount of release over the recording period, in contrast
to the action of tetanus toxin (Sakaba et al., 2005). How-
Figure 5. The Flash Response after Application of a 300 Hz
Train of AP-Like Stimuli
Traces are presented in the same order as in Figure 3. A 300 Hz train of
AP-like stimuli was applied (103 depolarization to +40 mV for 1.5 ms).
To ensure synaptic depression, external Ca2+ was elevated to 5 mM. In
this example, synaptic responses are depressed at the end of the stim-
ulus train. Fifty milliseconds later, flash photolysis of Ca2+ was applied,
which still evoked a rapid EPSC. Subsequently, a step depolarization
(to 0 mV for 50 ms following a predepolarization to 70 mV for 2 ms)
was applied.Never, recruitment of the rapidly-releasing component was
slowed down by the peptide as monitored by the second
depolarizing pulse (Figure 6A, right panel, black traces).
When the recovered fraction of the fast component was
plotted against ISI (Figure 6B), the time course could be fit-
ted by a single exponential with a time constant of 2.7 s in
the presence of peptide, while under control conditions
a double exponential fit was required with time constants
of 454 ms (58%) and 8.5 s. A slow-down of the recovery
was also seen by blocking the proline-rich domain of
endogenous synaptobrevin with Fab fragments of an
antibody raised against residues 2–17 of synaptobrevin
(2 mM, Figure 6B). In the presence of the fragment, the re-
covery time course could again be fitted by a single expo-
nential with a time constant of 5.5 s (pooled data from five
cell pairs). Neither the peptide nor the antibody affected
the recruitment of the slowly-releasing vesicles (Figure 6B,
right panel). We conclude that the proline-rich domain of
synaptobrevin is important for recruiting rapidly-releasing
synaptic vesicles, while cleavage of the SNARE motif by
the toxin may be responsible for the reduction of release,
which occurs over a period of 10 min following infusion of
the toxin.
When the second pulse was applied 1 s after the first
pulse, the slowly-releasing vesicles were almost fully re-
covered, whereas there were only few newly recruited
rapidly-releasing ones in the presence of synaptobrevin
peptide (Figure 6B). This situation allowed us to examine
the intracellular Ca2+ sensitivity of the newly recruited
slowly-releasing vesicles by replacing the second depola-
rizing pulse with flash photolysis; the experiment is shown
in Figure 7A. A step-like elevation of [Ca2+] to 12 mM was
applied at 1 s following the first depolarizing pulse, which
evoked a rapidly rising EPSC (inset of Figure 7A). In Fig-
ures 7B–7D, the intracellular Ca2+ sensitivity of transmitter
release during the recovery period was compared with
that of control (stand-alone flash). For quantitative analy-
sis, cumulative release was fitted by a single or a double
exponential. Figure 7B shows the relationship between
the fast time constant and [Ca2+]. Compared with stand-
alone flashes (open circles), intracellular Ca2+ sensitivity
of the newly recruited slowly-releasing vesicles was re-
duced at most 2-fold. The two superimposed curves in
Figure 7B, which are fits to the data obtained under control
conditions and during the recovery phase, are exactly the
same as those of Figure 4. It should be noted that data
in Figure 7 represent vesicles that have been newly re-
cruited after a 50 ms, fully depleting stimulus, while
those in Figure 3 and Figure 4 are from slowly-releasing
vesicles that had been spared during a preceding 10 ms
depolarization.
Figures 7C and 7D show the Ca2+ dependence of the
second time constant and of the fraction of the first com-
ponent of the double exponential fits, respectively. Again,
similarly to Figure 4, the slow time constant had no sys-
tematic relationship to intracellular Ca2+, and 80% of
the total release was mediated by the first component of
the double exponential fit.euron 53, 563–575, February 15, 2007 ª2007 Elsevier Inc. 569
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Synaptobrevin Is Important for Recruit-
ing Rapidly-Releasing Synaptic Vesicles
(A) A pair of depolarizing pulses (0 mV for 50 ms
following a prepulse to +70 mV for 2 ms) was
applied to the presynaptic terminal. ISI was 1 s
in this example. Gray and black traces repre-
sent data from the first and the second depola-
rizing pulse, respectively. Left and right panels
are from control and in the presence of proline-
rich domain of synaptobrevin (1-26, 100 mM),
respectively. From top: presynaptic current,
EPSC, and cumulative release estimated by
the deconvolution method are shown.
(B) Recovered fraction of the fast (left) and the
slow (right) components of release during the
second depolarizing pulse is plotted against
ISI. Open circles, filled circles, and filled trian-
gles are data from control, in the presence of
proline-rich domain peptide, and Fab frag-
ments of a synaptobrevin antibody raised
against the proline-rich domain of synaptobre-
vin (2 mM), respectively.DISCUSSION
Rapidly-releasing vesicles are responsible for synchro-
nous release during presynaptic APs, and their depletion
during trains of APs or during long-lasting depolarizations
is the main cause for short-term synaptic depression at
glutamatergic synapses (Zucker and Regehr, 2002;
Sakaba, 2006). Here, we show that [Ca2+] elevation to
a level of about 10 mM by photolytic Ca2+ uncaging still eli-
cited rapid transmitter release after such depletion, when
the AP-evoked responses were largely depressed. These
data suggest that lack of fusion competence of vesicles
remaining after a ‘‘depressing’’ stimulus is not a cause
for depression, and that acquisition of fusion competence
is not a rate-limiting step for restoration of rapid transmit-
ter release. Rather, our results indicate that during short
depolarizations slowly-releasing vesicles experience
[Ca2+] levels lower than about 10 mM. Otherwise, they
should be released by physiological stimulation, since
10 mM is the Ca2+ concentration which the rapidly-releasing
vesicles experience during a step depolarization or during
an AP (Bollmann et al., 2000; Schneggenburger and
Neher, 2000). We conclude that a process of recruiting
synaptic vesicles to presynaptic Ca2+ channel clusters is
a limiting step for rendering them competent for rapid
release, and that at rest only about half of all vesicles are
located at these preferred positions.
The present study also indicates that intrinsic release
rates of vesicles after depletion of the rapidly-releasing
pool are reduced at most 2-fold (Figure 4 and Figure S2).570 Neuron 53, 563–575, February 15, 2007 ª2007 Elsevier IncThis constitutes only a minor contribution to the heteroge-
neity of release probability observed during a long-lasting
depolarizing pulse. We cannot exclude that a small fraction
of vesicles (less than 20% from the cumulative release anal-
ysis; Figure 4C) becomes intrinsically slow by mechanisms
which may develop during stimulation, such as mutual inhi-
bition among releasing vesicles or adaptation of the release
machinery (Hsu et al., 1996; Zucker, 1996; Dobrunz et al.,
1997; M. Wo¨lfel, X.L. Lou, and R. Schneggenburger,
personal communication). Such intrinsically slow vesicles,
however, are unlikely to participate in release during tran-
sient [Ca2+] signals elicited by APs, because otherwise we
should have observed a larger decrease in the peak release
rate per vesicle when we applied transient [Ca2+] stimuli
after depletion of the rapidly-releasing vesicles (Figure 1).
Recruitment of Synaptic Vesicles
to Ca2+ Channel Clusters
We have previously shown that two components of re-
lease (time constants of 2–3 ms and 20–30 ms) could be
observed during a prolonged depolarization followed by
rapid recruitment of new vesicles (time constant of
200 ms to 1 s; Wu and Borst, 1999; Sakaba and Neher,
2001b; see also Hallermann et al., 2003). Initially the rap-
idly-recruited vesicles are released only as slowly-releas-
ing ones, while recovery of the rapidly-releasing vesicles
takes several seconds. Fusion competence of synaptic
vesicles is a critical factor for rapid fusion. It has been
shown that loss of vesicle priming factors eliminated or re-
duced the size of the readily releasable pool of synaptic.
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ery from Vesicle Depletion
(A) The presynaptic patch pipette contained
proline-rich domain of synaptobrevin to slow
down recovery of the rapidly-releasing vesi-
cles. With an interval of 1 s following the pool-
depleting pulse (0 mV for 50 ms following a
prepulse to +70 mV for 2 ms), flash was applied
to the presynaptic terminal (timing indicated
by an arrow). From top: presynaptic current,
EPSC, and release rate estimated by the de-
convolution method. The inset magnifies the
flash-evoked EPSC.
(B–D). The fast (B) and the slow (C) time con-
stants as well as the fraction of the fast compo-
nent (D) evoked by flashes are plotted against
[Ca2+]. Open and filled circles show the data
from control flashes and from flashes during
recovery from depletion, respectively. All data
are obtained in the presence of proline-rich do-
main peptide. The gray and black curves in (B)
show the expectation of the 5-site model, the
parameters of which are exactly the same as
those shown in Figure 4.vesicles (Augustin et al., 1999; Verhage et al., 2000). Su-
crose application has often been used for determining
this pool and for calculating vesicular release probability
during an AP (Rosenmund and Stevens, 1996). However,
it has been shown that APs could not release all releasable
vesicles determined by sucrose application (Moulder and
Mennerick, 2005), suggesting the presence of mecha-
nisms causing heterogeneity of release during short depo-
larizations other than vesicle priming.
We show that a critical step for rapid release is the re-
cruitment of synaptic vesicles to sites where Ca2+ chan-
nels are densely packed and Ca2+ influx can cause
[Ca2+] transients of 10–25 mM amplitude with a half-width
of 0.5 ms, as are generated during an AP (Bollmann et al.,
2000; Schneggenburger and Neher, 2000; Meinrenken
et al., 2002; Bollmann and Sakmann, 2005). Such sitesNmust be relatively fixed in number, because (1) modulators
such as Ca2+ or second messengers, which influence the
rate of recovery, do not change the number of rapidly-
releasing vesicles significantly (Sakaba and Neher, 2001b;
2003), in contrast to the case of hormone release from
neuroendocrine cells (Smith et al., 1998), and (2) fluctua-
tion analysis based on the assumption of a fixed number
of release sites well describes synaptic responses during
short-tem plasticity (Silver et al., 1998; Scheuss et al., 2002,
but see Foster and Regehr, 2004). Such sites are postu-
lated to exist also for presynaptic Ca2+ channels (Cao et al.,
2005). It is plausible that the sites are located at the pre-
synaptic active zones where presynaptic proteins and
Ca2+ channels are aggregated. The number of vesicles
docked at the active zones (Sa¨tzler et al., 2002) matches
approximately with the number of rapidly-releasingeuron 53, 563–575, February 15, 2007 ª2007 Elsevier Inc. 571
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cles and three slowly-releasing vesicles per active zone).
Active zone geometry may well be heterogenous, and
this may be especially the case at immature synapses,
which we study here (Fedchyshyn and Wang, 2005). Nev-
ertheless, elucidating active zone organization in molecular
terms will be important for future studies. It has been
shown that some active zone/adhesion proteins such as
a-neurexin (Missler et al., 2003) or Bruchpilot (Kittel et al.,
2006) are important for coupling Ca2+ channels and synap-
tic vesicle exocytosis. In addition, vesicle targeting to
active zone Ca2+ channels by SNARE proteins has been
demonstrated (Mochida et al., 1996; Rettig et al., 1997).
We have previously shown that cleavage of synaptobre-
vin by tetanus toxin preferentially blocked rapid release at
an early stage of toxin action. We interpreted this as an
effect of the toxin on vesicle recruitment in addition to its
well-known effect on exocytosis (Sakaba et al., 2005).
We also showed that the slowly-releasing vesicles remain-
ing after synaptic depression behave exactly the same
(Figure 3 and Figure 4) as vesicles remaining during the
early phase of toxin action. We now have identified the
proline-rich domain of synaptobrevin as an important ele-
ment for recruiting rapidly-releasing vesicles (Figure 6 and
Figure 7) since it retards recruitment if infused into the
nerve terminal. The domain has been shown to inhibit
transmitter release in Aplysia synapses (Cornille et al.,
1995). It is unclear at present how it is involved in vesicle
recruitment. Although the domain interacts with synapto-
physin (Calakos and Scheller, 1994), synaptophysin KO
mice have no apparent phenotype (McMahon et al.,
1996). Future biochemical analysis is necessary to identify
other binding partners, which are presumably more rele-
vant for vesicle recruitment.
Since we have shown that slowly-releasing vesicles are
fully release competent, it follows that vesicle docking and
priming—i.e., the buildup of the release machinery—can
be a very rapid process. Slow vesicles achieve release
competence within 100 ms after the end of a depleting
stimulus. Therefore, the rate-limiting second step for the
generation of rapidly-releasing vesicles, which typically
takes several seconds, must be their placement in an en-
vironment which is rich in Ca2+ channels. This maturation
accelerates depolarization-induced release by about a
factor of ten while it increases the intrinsic rate of release
(at a given [Ca2+]) by at most a factor of two—possibly by
additional interactions with active zone components
(superpriming). It is interesting to note that this process
is a highly modulated one. We have previously shown
that it can be accelerated by the simultaneous presence
of elevated global [Ca2+] and cAMP (Sakaba and Neher,
2003). Ca2+-dependent acceleration of vesicle recruit-
ment has been observed at several synapses (Dittman
and Regehr, 1998; Stevens and Wesseling, 1998; Wang
and Kaczmarek, 1998). Recovery from short-term depres-
sion has usually been interpreted to reflect either vesicle
recycling and docking or the buildup of the release ma-
chinery. We would suggest, however, that all of these572 Neuron 53, 563–575, February 15, 2007 ª2007 Elsevier Incprocesses are rapid under normal physiological condi-
tions and that recovery, as well as the level of depression
during sustained activity, reflects an interaction of fully
release-competent vesicles with the active zone, which
brings them into the vicinity of Ca2+ channels. Future re-
search on synaptic depression and other aspects of short-
term plasticity should pay attention to such a scenario.
Physiological Roles of Rapidly- and
Slowly-Releasing Vesicles
Asynchronous release distinct from release in synchrony
with APs has been described for many types of synapses
(Xu-Friedmann and Regehr, 2000; Lu and Trussell, 2000;
Zucker and Regehr, 2002). A high-affinity slow Ca2+ sen-
sor for asynchronous release has been postulated on
the basis of differential sensitivities of the two release
components to divalent cations (Goda and Stevens,
1994) and the analysis of synaptotagmin-deficient mice
(Geppert et al., 1994).
At the calyx of Held, synchronous release during APs is
mediated by the rapidly-releasing vesicles (Schneggen-
burger et al., 1999; Wu and Borst, 1999; Bollmann et al.,
2000). The slowly-releasing vesicles contribute relatively
little and are released mainly in an asynchronous way
during a high-frequency train of APs (Sakaba, 2006). Our
finding that the intrinsic release kinetics of most of the
slowly-releasing synaptic vesicles is fast (Figure 3, Fig-
ure 4, and Figure 5) may provide an alternative interpreta-
tion. In this view, the distinction between the two types of
vesicles relates mainly to their localization with respect
to Ca2+ channels. During AP-induced Ca2+ inflow, local
[Ca2+] domains would only release appropriately posi-
tioned vesicles. Following the AP, [Ca2+] equilibrates
spatially and activates more remote vesicles. Finally, all
release, including that of both rapidly-releasing and
slowly-releasing vesicles, stops while [Ca2+] decays (Fig-
ure 1 and Figure S1). It follows that the time course of
asynchronous release is not determined by the intrinsic
kinetics of release machineries, but rather by the time
course of [Ca2+]. In other words, the slowly-releasing ves-
icles are spared for release initially, but they release asyn-
chronously during a high-frequency train of APs. This is
a straightforward explanation for the mechanism of asyn-
chronous release and is consistent with some of the pre-
vious studies (Xu-Friedmann and Regehr, 2000). It should
be emphasized, however, that the calyx synapse shows
little asynchronous release in response to a single AP
(Borst and Sakmann, 1996) compared with some other
types of synapses, where asynchronous release can be
easily observed during a single or low-frequency stimulus
(Lu and Trussell, 2000, Hefft and Jonas, 2005). Therefore,
additional mechanisms that do not exist at the calyx of
Held may be responsible for asynchronous release in
other synapses.
The difference in estimated [Ca2+] between the rapidly-
and the slowly-releasing vesicles during a prolonged
depolarization was only about 2-fold (10–12 versus
6–7 mM, see Figure S1). Nevertheless, this small difference.
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release due to the 4th-5th-power dependence of release
on [Ca2+]. Differences in [Ca2+] are likely to be larger during
short stimuli such as APs when only a small amount of pre-
synaptic Ca2+ influx takes place. Global presynaptic
[Ca2+] is kept low during such short episodes of influx
because of Ca2+ buffering, which might be at least partially
saturated during a long-lasting step depolarization. Ex-
pression of Ca2+ buffers is known to change with synaptic
development (Kandler and Friauf, 1993; Felmy and
Schneggenburger, 2004) and to differ among synapses.
It is therefore possible that asynchronous release under
physiological conditions may be regulated depending on
the expression and the degree of saturation of endoge-
nous Ca2+ buffers (Rozov et al., 2001). Our findings there-
fore imply that both the structural organization of the
active zone and changes in Ca2+ dynamics are important
regulators of short-term synaptic plasticity.
EXPERIMENTAL PROCEDURES
Electrophysiology and Flash Photolysis
Presynaptic and postsynaptic recordings at the calyx of Held were
performed using the acute slice preparation from P8–P11 rat brain-
stem (Borst and Sakmann, 1996). The experiments were carried out
according to the guidelines of German laws on animal protection. Sli-
ces were transferred to the recording chamber and perfused continu-
ously with normal saline containing 125 mM NaCl, 2.5 mM KCl, 2 mM
CaCl2, 1 mM MgCl2, 25 mM glucose, 25 mM NaHCO3, 1.25 mM
Na2Po4, 0.4 mM L-ascorbic acid, 3 mM myo-inositol, and 2 mM Na-
Pyruvate (pH 7.3–7.4), 320 mOsm, bubbled continuously with 95%
O2 and 5% CO2. During the recordings, the solution was supple-
mented with TTX (1 mM), TEA (10 mM), D-AP5 (50 mM), CTZ
(100 mM), and gDGG (2 mM). The first three were added to block pre-
synaptic Na currents, K currents, and postsynaptic NMDA receptors,
respectively. CTZ was used to block postsynaptic receptor desensiti-
zation (Koike-Tani et al., 2005), but when applied alone quantal sizes
were still reduced by 20%–30%, possibly due to AMPA receptor sat-
uration and voltage-clamp errors (Ishikawa et al., 2002; Neher and
Sakaba 2001a, 2001b). We therefore also added gDGG, which is
a low-affinity antagonist that prevents receptor saturation (Wadiche
and Jahr, 2001). Using fluctuation analysis, we have confirmed that
quantal sizes stay constant in a wide range of stimulation conditions
(Figure S3) when both CTZ and gDGG are present. In the experiment
shown in Figure 6, another low-affinity antagonist, kynurenic acid
(1 mM), was used instead of gDGG (Neher and Sakaba, 2001a).
The presynaptic and postsynaptic compartments were simulta-
neously clamped at 80 mV using an EPC9/2 or EPC10/2 amplifier
controlled by the Pulse or Patchmaster software (HEKA, Lambrecht,
Germany). For postsynaptic recordings, the pipette (2–4.5 MU) con-
tained the following: 130–145 mM Cs-gluconate, 20 mM TEA-Cl,
10 mM HEPES, 5 mM Na2-phosphocreatine, 4 mM MgATP, 0.3 mM
NaGTP, and 5 mM EGTA (pH7.2), 320 mOsm. Series resistance
(4–10 MU) was compensated for by the amplifier such that the residual
resistance became 1.5–3 MU. The presynaptic pipette (4–6 MU) was
filled with different solutions depending on the types of experiments
as described below. Presynaptic series resistance was typically
8–30 MU, and was compensated for electrically by 20%–80%.
A frequency-tripled Nd:YAG laser (5 ns pulse width; Continuum,
Santa Clara, CA) was used to create 355 nm pulses to photolyze
DM-Nitrophen. Intracellular Ca2+ changes were measured by perfus-
ing the fluorescent Ca indicator dye OGB-5N into the presynaptic ter-
minal via the patch pipette. Dye excitation (at 480 nm) was performed
with a Polychrome V monochromator (TILL Photonics, Gra¨felfing,NGermany) coupled into the microscope via the epifluorescent port. In
order to minimize photobleaching, the duration of the excitation was
minimized to 100 ms at any one time. Fluorescent light was collected
in a rectangular window that was adjusted using a PIN photodiode to
cover the area of the pre- and postsynaptic sites (Hamamatsu, Japan).
The photodiode signal was amplified with an Axopatch 200B amplifier
(Axon Instruments, Sunnyvale, CA) and then fed into an EPC9/2 patch-
clamp amplifier for data acquisition. All traces were corrected for both
dark current of the photodiode and background fluorescence, which
was acquired after patching was terminated by moving both pipettes
(excised patch) and the window to a neighboring location on the slice.
Fluorescence changes were expressed as dF/F. The presynaptic
patch pipette contained the following: 135 mM Cs-gluconate, 20 mM
TEA-Cl, 20 mM HEPES, 0.5 mM MgCl2, 5 mM Na2ATP, 0.5 mM
NaGTP, 1 mM EGTA, 2 mM DM-Nitrophen, 1.7 mM CaCl2, and 0.5 mM
Oregon-Green-BAPTA-5N (pH 7.2), 320 mOsm. We added EGTA in
order to accelerate the decay of [Ca2+], evoking a transient EPSC (Boll-
mann and Sakmann, 2005). Addition of higher concentrations of EGTA
or of the faster Ca2+ buffer BAPTA accelerates the decay of [Ca2+] even
faster, approaching that of an AP, which we confirmed in vitro. How-
ever, addition of a high concentration of exogenous buffer slows the
time course of release during depolarizations (Borst and Sakmann,
1996) and makes depletion of releasable vesicles by a presynaptic
depolarization impossible. Therefore, we used 1 mM EGTA as a com-
promise, which allowed us both to elicit [Ca2+] transients and to de-
plete the vesicle pool with a presynaptic depolarization. The time
constants of decay of [Ca2+] transients were about 10–20 ms under
these conditions.
A UV flash lamp (photolysis duration of 1 ms, Rapp, Hamburg, Ger-
many) was used to elicit step-like elevations of [Ca2+] in the presynap-
tic terminal as has been described in Schneggenburger and Neher
(2000). In this second type of experiment, presynaptic [Ca2+] was mon-
itored by Fura 2FF, which was excited at 350/380 nm by a monochro-
mator (Polychrome 4, TILL Photonics, Gra¨felfing). Fluorescence was
collected by a CCD camera (VGA, TILL Photonics, Gra¨felfing,
Germany). Monochromator and CCD camera were controlled by the
TILLvisION software (TILL Photonics, Gra¨felfing, Germany). Presynap-
tic patch pipettes contained 130 mM Cs-gluconate, 20 mM TEA-Cl,
20 mM HEPES, 0.5 mM MgCl2, 5 mM Na2ATP, 0.5 mM NaGTP,
1–3 mM DM-Nitrophen, 0.8–2.7 mM CaCl2, and 0.2 mM Fura 2FF
(pH 7.2), 320 mOsm. Presynaptic [Ca2+] was derived from the ratiomet-
ric measurements of Fura 2FF. Calibration of Fura 2FF was performed
in vitro, and Rmin and Rintermediate were confirmed by in vivo measure-
ments (Schneggenburger, 2005).
In the experiment of Figure 6, presynaptic patch pipette contained
the same solution as the postsynaptic one, except that EGTA was
reduced to 0.5 mM. Proline-rich domain of synaptobrevin (NH2-
SATAATVPPA APAGEGGPPA PPPNLT-amide) was synthesized by
Biosyntan (Berlin, Germany). Fab fragments of the antibody raised
against the N-terminal of synaptobrevin (2-17) were kindly supplied
by Alexander Stein, in the Department of Neurobiology of the Max
Planck Institute for Biophysical Chemistry.
Deconvolution
In order to estimate the transmitter release rates, EPSCs were decon-
volved with mEPSCs, as has been described by Neher and Sakaba
(2001a). The deconvolution method also takes into account the resid-
ual current due to delayed clearance of glutamate in the synaptic cleft.
We have shown that release rate estimates from the deconvolution
method agree relatively well with those from fluctuation analysis
(Neher and Sakaba, 2001a, 2001b) and presynaptic capacitance mea-
surements (Sakaba, 2006). As has been described by Neher and
Sakaba (2001a), the release rate estimate is accurate for short, transient
episode of release, as long as the derivative of the EPSC is large. On
the other hand, when release rates are low, systematic errors, which
might originate from an inaccurate estimation of the residual current
component, will create a bias in the estimation of release rates. Weeuron 53, 563–575, February 15, 2007 ª2007 Elsevier Inc. 573
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designing appropriate experimental protocols. In Figure 1, a flash or
an AP-like stimulation only evoked a small amount of transient
release, and analyzing the EPSC amplitudes instead of release rates
led to the same conclusions as those obtained by deconvolution.
Both types of analysis showed that flashes, but not AP-like stimuli,
evoked release after depletion of the rapidly-releasing vesicles.
We designed most of the pulse protocols such that each test epi-
sode was followed by a depleting pulse, which was strong enough
to deplete the remaining vesicle pool. Thus, we could calculate the
number of remaining vesicles in the releasable pool for time points pre-
ceding such depleting pulses. We calculated peak release rate per
vesicle of a given response by dividing peak release rate by the amount
of remaining vesicles at the onset of the stimulation protocol. This
calculation avoids fitting of exponentials to cumulative release traces
(Figure 1). For Figure 2 to Figure 5, cumulative release was fitted
with double exponentials after correction for the contribution of vesicle
recruitment, which has been described by Sakaba and Neher (2001a).
Release Model
The relationships between [Ca2+] and release rate per vesicle, time
constants, and delays of transmitter release (defined as the interval be-
tween the onset of flash and the time point when 15 vesicles have been
released) were modeled by the 5-site model developed by Schneg-
genburger and Neher (2000) as described below.
The forward rate kon, the backward rate koff, cooperativity factor b,
and the final rate gwere found by trial and error using Euler integration.
The parameters are described in the figure legends. The recently
developed allosteric model (Lou et al., 2005) predicts time courses
very similar to those of the 5-site model in the Ca2+ range we studied.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/53/4/563/DC1/.
ACKNOWLEDGMENTS
We thank Alexander Stein and Reinhard Jahn for suggesting the use of
synaptobrevin peptide and antibody to us, Bert Sakmann for kindly
providing us a UV laser, and Ralf Schneggenburger for sharing the un-
published results. We also thank Ralf Schneggenburger and Lu-Yang
Wang for comments on the manuscript.
Received: October 11, 2006
Revised: December 19, 2006
Accepted: January 11, 2007
Published: February 14, 2007
REFERENCES
Adler, E.M., Augustine, G.J., Duffy, S.N., and Charlton, M.P. (1991).
Alien intracellular calcium chelators attenuate neurotransmitter release
at the squid giant synapse. J. Neurosci. 11, 1496–1507.
Augustin, I., Rosenmund, C., Su¨dhof, T.C., and Brose, N. (1999).
Munc13-1 is essential for fusion competence of glutamatergic synap-
tic vesicles. Nature 400, 457–461.
Bollmann, J.H., Sakmann, B., and Borst, J.G.G. (2000). Calcium sensi-
tivity of glutamate release in a calyx-type terminal. Science 289, 953–
957.
Bollmann, J.H., and Sakmann, B. (2005). Control of synaptic strength
and timing by the release-site Ca2+ signal. Nat. Neurosci. 8, 426–434.574 Neuron 53, 563–575, February 15, 2007 ª2007 Elsevier IncBorst, J.G.G., and Sakmann, B. (1996). Calcium influx and transmitter
release in a fast CNS synapse. Nature 383, 431–434.
Calakos, N., and Scheller, R. (1994). Vesicle-associated membrane
protein and synaptophysin are associated on the synaptic vesicle. J.
Biol. Chem. 269, 24534–24537.
Cao, Y.Q., Piedras-Renteria, E.S., Smith, G.B., Chen, G., Harata, N.C.,
and Tsien, R.W. (2005). Presynaptic Ca2+ channels compete for chan-
nel type-preferring slots in altered neurotransmission arising from Ca2+
channelopathy. Neuron 43, 387–400.
Cornille, F., Deloye, F., Fournie-Zaluski, M.C., Roques, B.P., and
Poulain, B. (1995). Inhibition of neurotransmitter release by synthetic
proline-rich peptide shows that the N-terminal domain of vesicle-
associated membrane protein/synaptobrevin is critical for neuro-
exocytsosis. J. Biol. Chem. 270, 16825–16832.
Dittman, J.S., and Regehr, W.G. (1998). Calcium dependence and
recovery kinetics of presynaptic depression at the climbing fiber to
purkinje cell synapse. J. Neurosci. 18, 6147–6162.
Dobrunz, L.E., Huang, E.P., and Stevens, C.F. (1997). Very short-term
plasticity in hippocampal synapses. Proc. Natl. Acad. Sci. USA 94,
14843–14847.
Escobar, A.L., Velez, P., Kin, A.M., Cituento, F., Fill, M., and Vergara,
J.L. (1997). Kinetic properties of DM-Nitrophen and calcium indicators;
rapid transient response to flash photolysis. Pflugers Arch. 434, 615–
631.
Fedchyshyn, M.J., and Wang, L.Y. (2005). Developmental transforma-
tion of the release modality at the calyx of held synapse. J. Neurosci.
25, 4131–4140.
Felmy, F., and Schneggenburger, R. (2004). Developmental expres-
sion of the Ca2+-binding proteins calretinin and parvalbumin at the
calyx of Held of rats and mice. Eur. J. Neurosci. 20, 1473–1482.
Foster, K.A., and Regehr, W.G. (2004). Variance-mean analysis in the
presence of a rapid antagonist indicates vesicle depletion underlies
depression at the climbing fiber synapse. Neuron 43, 119–131.
Geppert, M., Goda, Y., Hammer, R.E., Li, C., Rosahl, T.W., Stevens,
C.F., and Su¨dhof, T.C. (1994). Synaptotagmin I: A major Ca2+ sensor
for neurotransmitter release at a central synapse. Cell 79, 717–727.
Goda, Y., and Stevens, C.F. (1994). Two components of transmitter re-
lease at a central synapse. Proc. Natl. Acad. Sci. USA91, 12942–12946.
Hallermann, S., Pawlu, C., Jonas, P., and Heckmann, M. (2003). A
large pool of releasable vesicles in a cortical glutamatergic synapse.
Proc. Natl. Acad. Sci. USA 100, 8975–8980.
Hefft, S., and Jonas, P. (2005). Asynchronous GABA release generates
long-lasting inhibition at a principal interneuron-principal neuron syn-
apse. Nat. Neurosci. 8, 1319–1328.
Hsu, S.F., Augustine, G.J., and Jackson, M.B. (1996). Adaptation of
Ca2+-triggered exocytosis in presynaptic terminals. Neuron 17, 501–
512.
Ishikawa, T., Sahara, Y., and Takahashi, T. (2002). A single packet
of transmitter does not saturate postsynaptic glutamate receptors.
Neuron 34, 613–621.
Kandler, K., and Friauf, E. (1993). Prenatal and postnatal-development
of efferent connections of the cochlear nucleus in the rat. J. Comp.
Neurol. 328, 161–184.
Katz, B. (1969). The Release of Neural Transmitter Substances (Liver-
pool, UK: Liverpool University Press).
Kittel, R.J., Wichmann, C., Rasse, T.M., Fouquet, W., Schmidt, M.,
Schmid, A., Wagh, D.A., Pawlu, C., Kellner, R.R., Willig, K.I., et al.
(2006). Bruchpilot promotes active zone assembly, Ca2+ channel clus-
tering, and vesicle release. Science 312, 1051–1054.
Koike-Tani, M., Saitoh, N., and Takahashi, T. (2005). Mechanisms un-
derlying developmental speeding in AMPA-EPSC decay time at the
calyx of Held. J. Neurosci. 25, 199–207..
Neuron
Ca Channel-Vesicle Coupling and Glutamate ReleaseLlinas, R., Sugimori, M., and Silver, R.B. (1992). Microdomains of high
calcium concentration in a presynaptic terminal. Science 256, 677–
679.
Lou, X.L., Scheuss, V., and Schneggenburger, R. (2005). Allosteric
modulation of the presynaptic Ca2+ sensor for vesicle fusion. Nature
435, 497–501.
Lu, T., and Trussell, L.O. (2000). Inhibitory transmission mediated by
asynchronous transmitter release. Neuron 26, 683–694.
McMahon, H.T., Bolshakov, V.Y., Janz, R., Hammer, R.E., Siegel-
baum, S.A., and Su¨dhof, T.C. (1996). Synaptophysin, a major synaptic
vesicle protein, is not essential for neurotransmitter release. Proc. Natl.
Acad. Sci. USA 93, 4760–4764.
Meinrenken, C.J., Borst, J.G.G., and Sakmann, B. (2002). Calcium
secretion coupling at calyx of Held governed by nonuniform channel-
vesicle topography. J. Neurosci. 22, 1648–1667.
Missler, M., Zhang, W., Rohlmann, A., Kattnstroth, G., Hammer, R.E.,
Gottmann, K., and Su¨dhof, T.C. (2003). a-neurexins couple Ca2+ chan-
nels to synaptic vesicle exocytosis. Nature 423, 939–948.
Mochida, S., Sheng, Z.-H., Baker, C., Kobayashi, H., and Catterall,
W.A. (1996). Inhibition of neurotransmission by peptides containing
the synaptic protein interaction site of N-Type Ca2+ channels. Neuron
17, 781–788.
Moulder, K.L., and Mennerick, S. (2005). Reluctant vesicles contribute
to the total readily releasable pool in glutamatergic hippocampal neu-
rons. J. Neurosci. 25, 3842–3850.
Neher, E., and Sakaba, T. (2001a). Combining deconvolution and noise
analysis for the estimation of transmitter release rates at the calyx of
Held. J. Neurosci. 21, 444–461.
Neher, E., and Sakaba, T. (2001b). Estimating transmitter release rates
from postsynaptic current fluctuations. J. Neurosci. 21, 9638–9654.
Rettig, J., Heinemann, C., Ashery, U., Sheng, Z.-H., Yokoyama, C.T.,
Catterall, W.A., and Neher, E. (1997). Alteration of Ca2+ dependence
of neurotransmitter release by disruption of Ca2+ channel/Syntaxin
interaction. J. Neurosci. 17, 6647–6656.
Roberts, W.M., Jacobs, R.A., and Hudspeth, A.J. (1990). Colocaliza-
tion of ion channels involved in frequency selectivity and synaptic
transmission at presynaptic active zones of hair cells. J. Neurosci.
10, 3664–3684.
Rosenmund,C., and Stevens, C.F. (1996). Definitionof the readily releas-
able pool of vesicles at hippocampal synapses. Neuron 16, 1197–1207.
Rozov, A., Burnashev, N., Sakmann, B., and Neher, E. (2001). Trans-
mitter release modulation by intracellular Ca2+ buffers in facilitating
and depressing nerve terminals of pyramidal cells in layer 2/3 of the
rat neocortex indicates a target cell-specific difference in presynaptic
calcium dynamics. J. Physiol. 531, 807–826.
Sakaba, T. (2006). Roles of the fast-releasing and the slowly releasing
vesicles in synaptic transmission at the calyx of Held. J. Neurosci. 26,
5863–5871.
Sakaba, T., and Neher, E. (2001a). Quantitative relationship between
transmitter release and calcium current at the calyx of Held synapse.
J. Neurosci. 21, 462–476.
Sakaba, T., and Neher, E. (2001b). Calmodulin mediates rapid recruit-
ment of fast-releasing synaptic vesicles at a calyx-type synapse. Neu-
ron 32, 1119–1131.
Sakaba, T., and Neher, E. (2003). Direct modulation of synaptic vesicle
priming by GABAB receptor activation at a glutamatergic synapse.
Nature 424, 775–778.
Sakaba, T., Stein, A., Jahn, R., and Neher, E. (2005). Distinct kinetic
changes in neurotransmitter release after SNARE protein cleavage.
Science 309, 491–494.NSara, Y., Virmani, T., Deak, F., Liu, X.R., and Kavalali, E.T. (2005). An
isolated pool of vesicles recycles at rest and drives spontaneous
neurotransmission. Neuron 45, 563–573.
Sa¨tzler, K., Sohl, L.F., Bollmann, J.H., Borst, J.G.G., Frotscher, M.,
Sakmann, B., and Lu¨bke, J.H.R. (2002). Three-dimensional recon-
struction of a calyx of Held and its postsynaptic principal neuron in
the medial nucleus of the trapezoid body. J. Neurosci. 22, 10567–
10579.
Scheuss, V., Schneggenburger, R., and Neher, E. (2002). Separation of
presynaptic and postsynaptic contributions to depression by covari-
ance analysis of successive EPSCs at the calyx of Held synapse.
J. Neurosci. 22, 728–739.
Schneggenburger, R. (2005). Ca2+ Uncaging in Nerve Terminals. In
Imaging in Neuroscience and Development, R. Yuste and A. Konnerth,
eds. (Woodbury, NY: CSHL Press), pp. 415–419.
Schneggenburger, R., and Neher, E. (2000). Intracellular calcium de-
pendence of transmitter release rates at a fast central synapse. Nature
406, 889–893.
Schneggenburger, R., Meyer, A., and Neher, E. (1999). Released frac-
tion and total size of a pool of immediately available transmitter quanta
at a calyx synapse. Neuron 23, 399–409.
Schneggenburger, R., Sakaba, T., and Neher, E. (2002). Vesicle pools
and short-term synaptic depression: lessons from a large synapse.
Trends Neurosci. 25, 206–212.
Silver, R.A., Momiyama, A., and Cull-Candy, S.G. (1998). Locus of
frequency-dependent depression identified with multiple-probability
fluctuation analysis at rat climbing fibre-Purkinje cell synapses. J.
Physiol. 510, 881–902.
Smith, C., Moser, T., Xu, T., and Neher, E. (1998). Cytosolic Ca2+ acts
by two separate pathways to modulate the supply of release-compe-
tent vesicles in chromaffin cells. Neuron 20, 1243–1253.
Stevens, C.F. (2003). Neurotransmitter release at central synapses.
Neuron 40, 381–388.
Stevens, C.F., and Wesseling, J.F. (1998). Activity-dependent modula-
tion of the rate at which synaptic vesicles become available to undergo
exocytosis. Neuron 21, 415–424.
Takahashi, T., Forsythe, I.D., Tsujimoto, T., Barnes-Davies, M., and
Onodera, K. (1996). Presynaptic calcium current modulation by a
metabotropic glutamate receptor. Science 274, 594–597.
Verhage, M., Maia, A.S., Plomp, J.J., Brussaard, A.B., Heeroma, J.H.,
Vermeer, H., Toonen, R.F., Hammer, R.E., van den Berg, T.K., Missler,
M., et al. (2000). Synaptic assembly of the brain in the absence of
neurotransmitter secretion. Science 287, 864–869.
von Gersdorff, H., and Borst, J.G.G. (2002). Short-term plasticity at the
calyx of Held. Nat. Rev. Neurosci. 3, 53–64.
Wadiche, J.I., and Jahr, C.E. (2001). Multivesicular release at climbing
fiber-Purkinje cell synapses. Neuron 32, 301–313.
Wang, L.Y., and Kaczmarek, L.K. (1998). High-frequency firing helps
replenish the readily releasable pool of synaptic vesicles. Nature
394, 384–388.
Wu, L.G., and Borst, J.G.G. (1999). The reduced release probability of
releasable vesicles during recovery from short-term synaptic depres-
sion. Neuron 23, 821–832.
Xu-Friedmann, M., and Regehr, W.G. (2000). Probing fundamental
aspects of synaptic transmission with strontium. J. Neurosci. 20,
4414–4422.
Zucker, R.S. (1996). Exocytosis: a molecular and physiological per-
spective. Neuron 17, 1049–1055.
Zucker, R.S., and Regehr, W.G. (2002). Short-term synaptic plasticity.
Annu. Rev. Physiol. 64, 355–405.euron 53, 563–575, February 15, 2007 ª2007 Elsevier Inc. 575
